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folding of the glycoprotein Iba b-switch which increases affinity for binding to the von Willebrand factor, a key step in blood
clot formation and wound healing. Through 2.1-ms molecular dynamics simulations, we investigate the kinetics of flow-induced
b-hairpin folding. Simulations sampling different flow velocities reveal that under flow, b-hairpin folding is initiated by hydrophobic
collapse, followed by interstrand hydrogen-bond formation and turn formation. Adaptive biasing force simulations are employed
to determine the free energy required for extending the unfolded b-switch from a loop to an elongated state. Lattice and freely
jointed chain models illustrate how the folding rate depends on the entropic and enthalpic energy, the latter controlled by flow.
The results reveal that the free energy landscape of the b-switch has two stable conformations imprinted on it, namely, loop and
hairpin—with flow inducing a transition between the two.INTRODUCTIONProteins usually adopt a single three-dimensional structure
after synthesis of their peptide chain. How a protein acquires
its stably folded and functional structure from a linear
peptide chain has been studied for decades (1,2). However,
the folding landscape can have more than one structure
imprinted on it asmajor domains of attraction,with one being
more stable under some conditions and the others possibly
more stable under variant conditions. In this case, protein
structures are malleable by external factors and, indeed,
proteins through change of their structures act as sensors of
environmental properties like flow, light, ion concentration,
or mechanical force (3–9). For example, a light-switchable
peptide was reported to transform with light pulses from
a b-hairpin to an unfolded state and vice versa (10). Another
example is the muscle protein titin, which contains a kinase
as a tension-sensor: mechanically induced sequential unfold-
ing of titin kinase activates ATP binding, a response that
controls muscle growth (11). Protein sensors also include
voltage-gated potassium channels, involving transmembrane
domains that open and close the channels in response to
changes in transmembrane potential (12–14).
This study focuses on another protein malleable by a
weak perturbation, namely, by blood flow, the flow inducing
a secondary structure transition from a disordered loop to an
ordered b-hairpin. The transition occurs in the b-switch
region of glycoprotein Iba (GPIba) that initiates blood clot-
ting when detecting bleeding-induced flow. As an important
self-healing mechanism in higher organisms, blood clotting
occurs almost instantly after blood vessel injury and
bleeding onset. Blood clotting involves the coagulation of
blood platelets around a wound. The interaction between
platelet-receptor GPIba and the von Willebrand factorSubmitted April 20, 2010, and accepted for publication May 27, 2010.
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0006-3495/10/08/1182/10 $2.00(vWF), a multimeric glycoprotein existing in blood plasma,
contributes to platelet aggregation (15,16). Indeed, vWF
binding to GPIba is enhanced under flow conditions caused
by blood vessel injury and bleeding (17).
The interaction of vWF and GPIba is mediated by the A1
domain of vWF and the GPIba subunit (18). Two sites on
GPIba that interact with the A1 domain of vWF were iden-
tified, namely, a b-hairpin at the N-terminus and a flexible
loop at the C-terminus (19,20). The resolved crystal struc-
tures of GPIba (Protein DataBank codes 1QYY and
1SQ0) showed that its C-terminal region adopts an ordered
b-hairpin conformation when binding to the vWF, whereas
without such binding, it adopts a disordered loop conforma-
tion (21,22). Accordingly, we refer in the following to the
C-terminal region of GPIba as the ‘‘b-switch’’. The struc-
tures suggest that b-hairpin folding of the b-switch increases
the affinity of GPIba binding to vWF (23).
It was proposed that blood flow, arising in the case of blood
vessel damage and subsequent bleeding, induces b-hairpin
folding in GPIba and, thereby, enhances the binding of
GPIba to vWF (24). Molecular dynamics (MD) simulation,
a useful tool to explore nanoscale biological processes in
atomic-level detail (25–27), validated this hypothesis (24).
In a previous study, we had employed molecular dynamics
simulations to explore the loop/ b-hairpin transition and
had illustrated that the transition involves two consecutive
steps—backbone rotation and side-group packing (28).
However, the thermodynamics and kinetics of this b-hairpin
folding in flow had not been characterized.
Other prior studies identified three general steps in
b-hairpin folding, namely, hydrophobic collapse, turn
formation, and interstrand hydrogen-bond formation.
However, which step initiates the folding is still under
debate (29–36). The ‘‘hydrophobic collapse’’ mechanism
suggests that early hydrophobic cluster formation nucleates
the b-hairpin folding (29), whereas the ‘‘zipper’’ mechanismdoi: 10.1016/j.bpj.2010.05.035
FIGURE 1 Structure of the a-subunit of GPIb. The mauve part is the
b-switch region of GPIba which has been simulated. The b-switch region
contains 17 residues.
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followed by subsequent hydrophobic interactions (30). In
addition, a ‘‘broken-zipper’’ mechanism, in which long-
range hydrophobic interactions form more readily than the
short-range ones, has been observed recently (36). In our
study, the GPIba b-switch offers a very small, namely,
17-amino-acids-long, oligopeptide sensor system on which
flow-induced b-hairpin folding can be studied readily and
in detail.
In this study, we performed 60 simulations of the GPIba
b-switch with different starting conformations and flow
velocities that provided us with sufficient data to confirm
the earlier characterization of the process and to investigate
b-hairpin folding in more detail. In total, the simulations
covered a 2.1-ms time period.We observed howflow-induced
folding of the GPIba b-hairpin combines hydrophobic
collapse, interstrand hydrogen bonding, and turn formation.
Adaptive biasing force (ABF) simulations (37–39) deter-
mined how flow changes the free energy landscape of the
b-switch, revealing that flow stabilizes the b-switch in an
elongated state, destabilizing the random loop state. Simula-
tions were complemented through a theoretical analysis that
explains the stabilization.METHODS
We conducted several different types of simulations to study b-hairpin
folding of the GPIba b-switch. Sixty MD simulations at various flow
conditions established the b-hairpin folding rate and its flow-velocity
dependence. A 20-ns equilibration tested the thermal stability of the folded
b-hairpin without flow. Twelve ABF simulations provided the potential of
mean force for elongating the b-switch. A coarse-lattice model and a freely
jointed chain model of the b-switch were considered to characterize the
entropy-enthalpy balance effect on b-hairpin folding.TABLE 1 List of simulations
Name Type Flow velocity d-interval Time (ns)
A1–A20 EQ 0 m/s — 20
B1–B20 EQ 25 m/s — 60
C1–C20* EQ 50 m/s — 20
D EQ 0 m/s — 20
E1 ABF 0 m/s 10–13 A˚ 3
E2 ABF 0 m/s 13–18 A˚ 5
E3 ABF 0 m/s 18–23 A˚ 5
E4 ABF 0 m/s 23–28 A˚ 5
F1 ABF 25 m/s 10–13 A˚ 3
F2 ABF 25 m/s 13–18 A˚ 5
F3 ABF 25 m/s 18–23 A˚ 5
F4 ABF 25 m/s 23–28 A˚ 5
G1 ABF 50 m/s 10–13 A˚ 3Simulated systems
Atomic coordinates of the b-switch, which consists of 17 residues
(VYVWKQGVDVKAMTSNV), were taken from the GPIba structure
(Protein DataBank code 1QYY) (22), as shown in Fig. 1, truncating resi-
dues 227–243. To add missing hydrogen atoms and generate the protein
structure file, we employed the psfgen plugin of VMD (40) with the
topology file of CHARMM27 (41). The generated b-switch was placed
into a water box of dimension 60 A˚  30 A˚  30 A˚. One chloride ion
was added to neutralize the system. The entire simulated system contained
9410 atoms.
At thermal equilibrium, the b-switch is a flexible loop and adopts a large
number of conformations (28). Flow-induced b-hairpin folding can start
from any of these conformations. In this study, we selected 20 different
starting conformations and subjected them to flow at different velocities,
namely, 0 m/s, 25 m/s, and 50 m/s. The starting conformations were ob-
tained by first equilibrating the b-switch for 9 ns, then continuing the simu-
lation and selecting a conformation every 1 ns. Flow was generated along
the x axis, as described previously (28). Fig. S1 in the Supporting Material
shows the flow velocity generated by this procedure.
G2 ABF 50 m/s 13–18 A˚ 5
G3 ABF 50 m/s 18–23 A˚ 5
G4 ABF 50 m/s 23–28 A˚ 5
EQ, equilibrium; ABF, adaptive biasing force.
*See Movie S1 and Movie S2, which show trajectory C1.Molecular dynamics
Simulations were performed with the program NAMD 2.6 (42), the
CHARMM27 force field with CMAP corrections for the protein and ions(41), and the TIP3P water model (43). Periodic boundary conditions and
particle-mesh Ewald summation were employed. The integration timestep
was 1 fs. The temperature was kept at 310 K by a Langevin thermostat
with damping coefficient g ¼ 0.1 ps1 (44). The Ca atoms of residues
Val227, Tyr228, Ser241, Asn242, and Val243, located at the b-switch ends,
were constrained by a harmonic potential with a spring constant of
1 (kcal/mol) A˚2. Twenty 25-m/s-flow simulations covered 60 ns of simu-
lation, whereas twenty 50-m/s-flow simulations and twenty 0-m/s-flow
simulations covered only 20 ns, because statistics had converged suffi-
ciently at this point in time. Altogether, we carried out 2.1 ms of simula-
tions, all listed in Table 1.Adaptive biasing force
To measure how flow, in inducing b-hairpin formation, alters the transition
path energetics, we carried out three sets of ABF simulations (37–39)
under flow conditions with 0 m/s, 25 m/s, and 50 m/s velocities. The coor-
dinate sampled by the ABF simulations was the distance, d, between theBiophysical Journal 99(4) 1182–1191
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235 and the final residue Val243. The
value d represents the overall length of the extended b-switch. The sampling
of d was confined to the interval ranging from 10 A˚ to 28 A˚. For each
velocity, four consecutive ABF simulations were conducted to cover the
entire d-interval. The width of the sampling window covered in each
ABF simulation (E1–E4, F1–F4, and G1–G4; see Table 1) was 5 A˚, except
for E1, F1, and G1, where the sampling window was 3 A˚. The size for each
ABF sampling bin was 0.1 A˚.Analysis of trajectories
To evaluate b-hairpin folding kinetics, we first define the folded structure
state. Five established hydrogen bonds (229HN-240O, 240HN-229O,
231HN-238O, 238HN-231O, and 233HN-236O) are deemed characteristic
for the fully folded b-hairpin, as shown in Fig. S2 a. A hydrogen bond is
considered formed when the distance between acceptor atom and donor
atom is <3.0 A˚. Because the Ca atoms of residues Val
227, Tyr228, Ser241,
Asn242, and Val243 are constrained, we define the length of the b-switch
as the distance between 241CA and 235CA (Fig. S2 b). A water molecule
is recognized as interstrand when the condition rwater,b–switch < Rinterstrand is
met, where rwater,b–switch is the distance between water molecule and the
b-switch, and Rinterstrand is the maximal distance among five defined
hydrogen bonds. The secondary structure analysis of b-hairpin folding
was performed using the Timeline plugin of VMD (40).Lattice model
To characterize the entropy effect on flow-induced b-hairpin folding, we
employed a coarse two-dimensional lattice model described through Monte
Carlo simulation (45). In the model, the amino acids of the b-switch are
represented by beads, the Ca atoms representing the bead position in our
model, i.e., the Ca trace represents the conformation of the b-switch in
the lattice model.
The basis vectors of the lattice model are (2, 1) and (1, 2), such that every
bead has eight neighbors, as shown in Fig. S6. The valence angles in the Ca
trace are restricted to the range (90, 126.8). The spacing of the lattice
is 1.7 A˚, the distance of a pair of neighboring beads measuring then
3.8 A˚ (45).
In the lattice model, we considered only a sequence-independent statis-
tical potential for a Ca trace conformation, ECatrace (45). The total energy
of the model b-switch is
E ¼ ECatrace þ EHbond þ Eflow: (1)
HereEH–bond is an additional potential accounting for hydrogen-bond forma-
tion (45), andEflow represents a flow effect taken into account through a drag-
ging force acting on each bead.We applied three sample forces, 0 pN, 10 pN,
and 20 pN, all pointing in the x direction. The Monte Carlo simulations
started from the same random self-avoiding conformation. Each Monte
Carlo step selected a random conformational change as the next move, using
a Metropolis criterion to accept or reject the proposed move (46,47).
The conformation of the b-switch is described by the sequence of lattice
points occupied by each Ca atom. The length of the chain is defined as the
distance between the first and the middle (the 8th) Ca atoms.Freely jointed polymer model
The model used contains, for zero flow, no enthalpic contribution whatso-
ever, attributing the same energy (E ¼ 0) to all conformations of the
b-switch. In this model, the b-switch is represented by a polymer of 17 units,
each unit corresponding to one amino acid. For the purpose of this descrip-
tion, we ascribe d again to the distance between the beginning of unit 1 and
the end of unit 8 as well as to the distance from the beginning of unit 9 to the
end of unit 17. The amino acid backbone units, each described by a vectorBiophysical Journal 99(4) 1182–1191~rj; j ¼ 1; 2;.17, are assumed freely jointed, i.e., the orientations of any
two units are uncorrelated as
~rj$~rk
 ¼ 0; jsk:
The length of each unit is a ¼ 3.9 A˚ (the distance between the Ca atoms of
adjacent residues), i.e., 
~rj$~rj
 ¼ a2:
Because the two ends (i.e., j¼ 1 and j¼ 17) of the b-switch are constrained
next to each other, it must hold
P17
j¼1
~rj ¼ 0 and, hence,
X8
j¼ 1
~rj ¼ 
X17
j¼ 9
~rj (2)
or d ¼ jP8j¼1~rjj ¼ jP17j¼9~rj j.
Let us assume, currently, that ~R1 ¼
P8
j¼1~rj is independent of
~R2 ¼
P17
j¼9~rj . For the distribution of ~R1 holds according to well-known
freely jointed chain theory (48)
P1ð~R1Þ ¼

3=2pN1a
2
3=2
exp
 3R21=2N1a2; (3)
where N1 ¼ 8. For P2ð~R2Þ, an analogous expression holds with N2 ¼ 9.
Condition Eq. 2 implies that in the case of the b-switch, we have
~R1 ¼ ~R2. From this, one can conclude that ~d defined through
~d ¼P8j¼1~rj and represented through spherical coordinates ~d ¼ ðd; q;fÞ
obeys the distribution
Qð~dÞ ¼ P1ð~dÞP2ð~dÞ=
Z N
0
d2 dd
Z p
0
sinq dq

Z 2p
0
dfP1ð~dÞP2ð~dÞ:
(4)
One can readily derive, using Eq. 3,
Qð~dÞ ¼ 3ðN1 þ N2Þ=2pa2N1N23=2
 exp 3ðN1 þ N2Þd2=2N1N2a2 : (5)
This distribution corresponds to the free energy
Uð~dÞ ¼ kBTlnQð~dÞ: (6)
We consider now the enthalpic effect due to flow. In the case of flow, each
amino acid unit is assumed to be subject to a force~f arising from the flow.
In describing the effect of the flow, we assume that the flow rotates and
shapes the b-switch such that the endpoint of amino acid 8 forms the tip
of the b-switch. Amino acids j ¼ 1,.8 then experience an interaction
~f $~rj , whereas amino acids j ¼ 9,.17 experience an interaction þ~f $~rj
(i.e., the first eight amino acids are induced to point parallel to the flow,
whereas the next nine amino acids are induced to point antiparallel to the
flow). We note that flow, in principle, should favor equally, at the low
resolution of our simple model, any polymer segment that is parallel or
antiparallel to the flow. Condition Eq. 2 implies then that the overall inter-
action is
Wfluxð~dÞ ¼ 2~f $~d:
One can conclude that the~d distribution, ~Qð~dÞ, in the presence of flow, is
~Qð~dÞ ¼ Z0 Qð~dÞexpWfluxð~dÞ=kBT	; (7)
where Z0 is a normalization factor defined through
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U
d~d ~Qð~dÞ ¼ 1;
where ~Qð~dÞas given by Eq. 7, like Qð~dÞ, is a Gaussian distribution with the
same standard deviation as Qð~dÞ, but with flow changing the mean of
~Qð~dÞ. An analysis, given in the SupportingMaterial, shows that displacement
of the mean, for a flow in the x direction characterized through force f, is
Dx ¼ ð2fa=3kBTÞ½N1N2=ðN1 þ N2Þa: (8)
RESULTS
This section is based on the simulations (listed in Table 1) of
b-hairpin folding of the b-switch region of GPIba. We
examine first the time evolution of b-hairpin folding and
establish the rate of the loop / b-hairpin transition. We
then characterize the folding kinetics of b-hairpin folding
under different flow velocities. ABF simulations were
conducted to calculate the free energy between loop state
and elongated state of the b-switch. Finally, a coarse two-
dimensional lattice model and a freely jointed chain model
are invoked to describe the flow-dependent entropy-
enthalpy balance in b-hairpin folding.Time evolution of b-hairpin folding
Sixty simulations were carried out to investigate b-hairpin
folding under different flow conditions. Fig. 2 shows the
time evolution of twenty 60-ns simulations with 25 m/s-
flow and twenty 20-ns simulations with 50 m/s-flow. Under
25 m/s flow, b-hairpin folding completed in five trajectories
(B4, B10, B14, B16, and B18) during 60 ns simulation time,
whereas under 50 m/s-flow, 10 trajectories (C1, C2, C4, C5,
C9, C10, C12, C13, C14, and C16) showed b-hairpin
folding during 20 ns. Obviously, b-hairpin formation occurs
spontaneously under strong enough flow. Fig. S3 shows
histograms of the b-switch length distribution and of inter-
strand hydrogen-bond formation for flow velocities of
0 m/s, 25 m/s, and 50 m/s in 20 ns. At zero velocity, the
length of the b-switch fluctuated at ~12 A˚, and no hydrogen
bonds formed. However, for flows of 25 m/s and 50 m/s the
average extension was 18 A˚ and 20 A˚, respectively—indi-
cating that the b-switch prefers to adopt an elongated
conformation under flow, whereas it prefers a loop confor-mation without flow. In the simulations, the b-switch often
did not form a complete b-hairpin, i.e., one containing all
five possible hydrogen bonds; instead, a partial b-hairpin
containing only 2–4 hydrogen bonds often formed at
25 m/s-flow and 50 m/s-flow. As shown in Fig. S3 b, in
20 ns, for 25 m/s flow, 70% b-switches formed 3–5
hydrogen bonds, whereas for 50 m/s-flow, 80% b-switches
formed 4–5 hydrogen bonds.Flow velocity-dependence of hairpin-folding
kinetics
Flow exerts a dragging force on the b-switch and causes
backbone dihedrals to rotate in the direction that increases
the length of the b-switch and benefits interstrand hydrogen
bonding, as shown in Fig. S4. For each flow velocity, we
calculated the distribution of the b-switch length and num-
ber of interstrand hydrogen bonds using all 20 trajectories.
Fig. 3 a shows how the speed of extension of the b-switch
increases with flow velocity. For flow at 50 m/s velocity,
the average length of the b-switch increased to 20.5 A˚ in
10 ns; for flow at 25 m/s velocity, its average length reached
18.5 A˚ at ~20 ns and kept increasing slowly over the next
40 ns. Without flow, the average length fluctuated at ~13 A˚,
which implies that the b-switch remained in a loop confor-
mation. Movie S1 shows how flow-induced backbone rota-
tion is linked to b-switch extension.
The interstrand hydrogen-bond formation seen in our
simulations is consistent with the extension of the b-switch
under different flow velocities. As shown in Fig. 3 b, the
speed of hydrogen-bond formation increased with faster
flow. The average number of hydrogen bonds increased
within 20 ns, from 0 to 3.2, under a 50 m/s flow. Flow at
25 m/s yielded, on average, in 20 simulations, only two
hydrogen bonds per trajectory during the first 20 ns. During
the next 40 ns, the average number of hydrogen bonds
increased to 3.2.Folding mechanism
Backbone rotation and side-chain packing are two steps
involved in b-hairpin folding as demonstrated for the
b-switch before (28) and for b-hairpin folding in general
(35), but the key factor initiating b-hairpin folding is stillFIGURE 2 Time evolution of interstrand
hydrogen-bond formation under 25 m/s-flow and
50 m/s-flow. Colors indicate the number of inter-
strand hydrogen bonds established (see color bar
on right). The 25 m/s-flow (left) induced five
b-hairpin foldings in 60 ns (B4, B10, B14, B16,
and B18). The 50 m/s-flow (right) induced 10
b-hairpin foldings in 20 ns (C1, C2, C4, C5, C9,
C10, C12, C13, C14,and C16).
Biophysical Journal 99(4) 1182–1191
a b
FIGURE 3 Flow velocity-dependent b-switch
extension and interstrand hydrogen-bond forma-
tion. (a) Extension of the b-switch under 0 m/s
flow, 25 m/s flow, and 50 m/s flow. (b) Different
rate of interstrand hydrogen-bond formation. For
each velocity, 20 trajectories were used to calculate
mean value and deviation. See Movie S1 and
Movie S2, which show the b-switch extension
and b-hairpin formation.
1186 Zou et al.under debate (31,34). In case of the GPIba b-switch, the
ends of the b-switch are constrained by other parts of the
protein, and its folding mechanism may be different from
that of free b-hairpins. To elucidate flow-induced b-hairpin
folding of the b-switch, we analyzed the formation of the
hairpin turn and the formation of interstrand hydrogen
bonds as well as the side-chain packing of key residues.
There are four residues (Gly233, Val234, Asp235, andVal236)
involved in the turn formation, and three pairs of residues
(Val229-Thr240, Lys231-Ala238, and Gly233-Val236) establish
five interstrand hydrogen bonds (Fig. S2 a). As shownFIGURE 4 Progress in b-hairpin folding under 25 m/s flow and 50 m/s flow.
(middle, right). The properties represented by each row are: (0) native conta
between residue Ala238 and Lys231 (middle); (2) native contact between r
236O-233HN (close to turn); (4) hydrogen bond 238HN-231O (middle); (5) h
and (7) five established interstrand hydrogen bonds (folded b-hairpin). Gray lev
Biophysical Journal 99(4) 1182–1191in Fig. 4, during a 50 m/s flow, the side-chain packing
happened first and was followed by interstrand hydrogen-
bond formation and G233-V234-D235-V236 (GVDV) turn
formation. The folding pathway to the b-hairpin is similar
in 10 trajectories: Side-chain packing of residues located at
the open-end of the b-switch starts the folding process, with
hydrogen bonds forming from left to right. The GVDV turn
forms after side-chain packing is completed. The closed-
end hydrogen bond (236O-233HN) becomes established
after GVDV turn formation, for the last step of b-hairpin
completion. During a 25 m/s flow, five simulationsShown is the analysis of simulations at 25 m/s-flow (left) and 50 m/s-flow
ct between residue Val236 and Gly233 (close to turn); (1) native contact
esidue Thr240 and Val229 (close to the open end); (3) hydrogen bond
ydrogen bond 240O-229HN (close to the open end); (6) turn formation;
els are used only to differentiate (0)–(7) properties.
Flow-Induced b-Hairpin Folding 1187(i.e., B4, B10, B14, B16, and B18) showed a similar folding
pathway. Movie S2 shows a typical flow-induced b-hairpin
folding trajectory.
Secondary structure throughout 15 b-hairpin folding
trajectories presented in Fig. S5 shows a similar order of
events along the folding pathway: the interstrand hydrogen
bonds formed from the open-end to the closed-end of the
b-switch. The turn was formed before the establishment of
the closed-end hydrogen bond. In some simulations, instead
of the GVDV turn, another turn formed initially (for
example, in simulations C9 and C13, one involving residue
Lys237). This wrongly formed turn disturbed interstrand
hydrogen-bond formation until, eventually, the correct
GVDV turn formed that permitted completion of b-hairpin
folding. In all trajectories, the GVDV turn was stable after
its formation.FIGURE 5 Snapshots of water molecules surrounding the b-switch and
number of water molecules between strands of the b-switch in five selected
simulations. (a and b) In the loop state, the two strands of the b-switch,
shown in purple, are separated by a number of water molecules. (c and d)
In an elongated nonhairpin state, the number of water molecules between
the two strands is reduced, but a few water molecules remain present.
(e and f) No water molecule remains between the two strands in a folded
b-hairpin. (g) Change of water molecules in five selected simulations, inInterstrand water molecules
Water plays a major role in modulating theweak interactions
in biological systems. In the case of b-hairpin folding, before
the hydrogen-bond acceptor and donor from each chain
approach each other, water molecules interact with the
respective polar atoms, hindering interstrand hydrogen-
bond formation. When the b-switch adopts a loop state, the
area between interstrands is large enough to permit a number
of water molecules to be in contact with polar atoms, as
shown in Fig. 5, a and b. Under flow conditions, the b-switch
is stretched in the direction of the flow, and as a result, the
interstrand area becomes small, such that only a few water
molecules can permeate through the interstrand area, as
shown in Fig. 5, c and d. In Fig. 5, e and f, no interstrandwater
molecule is observed in a folded b-hairpin.
To demonstrate the change in the number of interstrand
water molecules when the b-switch undergoes its conforma-
tional transition, we chose five typical trajectories for
analysis. As shown in Fig. 5 g, without flow, the number
of interstrand water molecules fluctuates at ~20. With
flow, the number of interstrand water molecules drops
significantly after the b-switch becomes stretched. In case
of a fully folded b-hairpin, no interstrand water molecule
remains. Movie S3 shows how the number of water mole-
cules drops during the b-hairpin folding process.which the b-switch adopts three different conformations: random loop
(brown), elongated loop (red and green), and folded b-hairpin (blue and
black). See Movie S3, which shows the interstrand water molecules.Thermal stability of folded b-hairpin
In our simulations, b-hairpins induced by flow remained
stable under the assumed flow conditions during simulation
time. To find out whether the flow is necessary for maintain-
ing the folded b-hairpin, we removed the flow after
b-hairpin folding was complete, and continued the simula-
tion for another 20 ns. Without flow, the backbone of the
b-switch was no longer stretched, yet its length did not
decrease (as shown in Fig. 6). Hydrogen bonds remained
stable, except for one hydrogen bond (233HN-236O) thatbecame temporarily broken for 4 ns. According to a
secondary structure analysis, the b-hairpin remained stable
for most of the 20 ns. The fluctuation of the hydrogen
bond (233HN-236O) caused a temporary unfolding at the
closed-end of the b-hairpin. When this hydrogen bond
(233HN-236O) was broken, the GVDV turn also disap-
peared. The observation that the open-end of b-hairpin
forms more readily and is more stable than the closed-endBiophysical Journal 99(4) 1182–1191
FIGURE 6 Dynamics of a flow-induced b-hairpin when flow is switched
off. (Inset, left) Length of the b-switch. (Bottom) The secondary structure.
1188 Zou et al.was also made by Lewandowska et al. (36). However, even
when thermal fluctuation induced partial unfolding of the
b-hairpin, the b-switch restored the fully folded b-hairpin
spontaneously without flow.a
bFree energy barrier of b-hairpin formation
To investigate how flow influences the free energy landscape
for b-switch extension, we performed ABF simulations to
calculate, for different flow velocities, the potential of
mean force accounting for stretching the b-switch. The state
of length d ¼ 10 A˚ defined the reference energy DE ¼ 0.
Fig. 7 presents the free energy profiles for different flows.
The free energy minimum for flow at 0 m/s velocity is
21 kcal/mol, which is located at 13 A˚; for 25 m/s it is
24 kcal/mol located at 18 A˚; and for 50 m/s velocity it
is 27 kcal/mol located at 24 A˚. The results shown in
Fig. 7 exhibit three important features: 1), the free energy
profile is clearly sensitive to the velocity of flow; 2), the
position of the free energy minimum moves toward larger
extension with increasing flow velocity; and 3), increased
flow stabilizes the free energy minimum connected with
the elongated b-switch conformation.FIGURE 7 Potential of mean force profile for extending the b-switch
from 10 A˚ to 28 A˚ at 0 m/s (red), 25 m/s (green), and 50 m/s (blue) flow
velocity. (Inset, top) Two overlaid snapshots of the b-switch corresponding
to free energy minima at zero (orange) and 50 m/s flow (blue).
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The flow-induced conformational change of the b-switch
reflected in the free energy profile DG(d) (shown in Fig. 7)
comes about through two main contributions, one entropic
and the other enthalpic. The entropic energy contribution
accounts for a large number of thermally accessible con-
formations for small d-values in contrast to a small number
for large d-values. Entropy clearly favors small d-values.
The enthalpic contribution is due to flow that exerts forces
extending the b-switch, and favors large d-values. Here we
consider two basic models capturing the two contributions,
focusing solely on the entropic feature of the model. One
is a coarse two-dimensional lattice model, which gives
a straightforward picture of how flow changes the accessible
conformational space of the b-switch. The other one is a
freely jointed chain model, which provides a simple descrip-
tion of flow effect on stretching the b-switch. The combina-
tion ofMD simulation, latticemodel, and freely jointed chain
model shows the external force effect on the entropy-
enthalpy balance of the b-switch at three levels of resolution.
Fig. 8 a shows results obtained from the lattice model.
The stretching force completely changes the accessible con-
formational space of the peptide chain. At zero force, the
peptide chain adopts conformations symmetric at x ¼ 0.
When a force is applied, the preferred accessible conforma-
tional space is greatly reduced; only the conformationsFIGURE 8 Results of two-dimensional lattice model and freely jointed
chain model of the b-switch. (a) Force effect on the entropy of the b-switch
as shown by the lattice model. The value x presents the x projection length
of the peptide chain. (b) Tip-end distribution Qð d!Þ calculated from freely
jointed chain model for zero flow (see Eq. 5) and Qð d!Þ (see Eq. 7) for flow
described through forces f ¼ 10 pN and f ¼ 20 pN in the x, y plane, i.e., for
z ¼ 0. The mean displacement is given by Eq. 8. The circles circumscribe
the spherical regions where the probability to find the tip of the b-switch is
90%. Random positions of the b-switch tip are shown for the 20 pN force
case. Both models show that the enthalpic contribution stemming from flow
changes the accessible conformational space of the b-switch and makes the
elongated conformations more favorable.
Flow-Induced b-Hairpin Folding 1189extending far in the þx direction are accessible. The magni-
tude of the force determines the average x-projection length
of the conformation: under 10 pN force, the peptide chain
adopts a length of 18 A˚; and under 20 pN force, it adopts
a length of 20 A˚.
In the case of the freely jointed chain model, presented in
Fig. 8 b, the distribution ~Qð~dÞ shifts, in the x, y plane at z¼ 0
under the effect of flow, from a zero flow average d value
of 0 A˚ to values of 11 A˚ and 21 A˚ for f equal to 10 pN and
20 pN, respectively. The average displacement of d is
predicted by Eq. 8. For each applied force, the circles shown
in Fig. 8 b surround the spherical volume over which the
total probability of tip placement is 90%. For the sake of
illustration, we only show the distribution ~Qð~dÞ in the x, y
plane. Admittedly, the model adopted here for the b-switch
is very schematic, but it illustrates very well that the loop/
b-hairpin transition of the b-switch involves a shift of
balance between entropic and enthalpic energy contribu-
tions, which is consistent with the results of the lattice
model.no flow
slow flow
fast flow
U
U
U
E
E
F
F
F
FIGURE 9 Schematic representation of the free energy landscape of the
b-switch under different flow conditions. (U) Unfolded b-switch in loop
state. (F) Folded b-hairpin. (E) Elongated b-switch.DISCUSSION AND CONCLUSION
In this article, we have investigated a role of water flow on
b-hairpin folding for the b-switch, a segment of the protein
GPIba that acts as a sensor for blood flow in wound healing.
Simulations have demonstrated that during 25 m/s-flow and
50 m/s-flow, the b-switch folds readily into a b-hairpin, but
does not do so without flow. Hence, the mechanism of the
flow-induced folding has been identified.
This article corroborates and extends an earlier study
on the flow-induced loop / b-hairpin transition of the
b-switch (28). The importance of understanding the influ-
ence of environmental factors on protein folding, in the
case of proteins acting as sensors in general, and of blood
flow-sensing proteins in wound healing in particular,
warrants a more detailed new investigation. The earlier study
demonstrated through sets of ten 20-ns-long simulations
at 50 m/s-flow (starting from two geometries) and one simu-
lation at zero flow (for thewild-type b-switch) how backbone
dihedral rotation extends the b-switch and alters the entropy-
enthalpy balance such that flow renders the b-hairpin geom-
etrymore stable than the disordered loop ones. The new study
extended the number of the wild-type b-switch MD simula-
tions from 11 to 60, in particular, adding twenty 60-ns-long
simulations under 25 m/s-flow condition because flow
velocity of 50 m/s far exceeds natural blood speed. A new,
advanced structure analysis of all 60 trajectories revealed
further mechanistic details for the b-hairpin folding, in
particular, side-group packing and hydrophobic collapse
extruding interstrand water molecules at an early stage of
the process.
A key new result is the potential of mean force for
the extension of the b-switch. The potential, determined
through ABF simulations (37–39) carried out at differentflow speeds (0 m/s, 25 m/s, 50 m/s), shows a progressive
stabilization of the b-hairpin geometry and a lowering of
the free energy barrier separating loop and b-hairpin geom-
etries. The change in energy can be attributed to a shift of
the balance between entropic and enthalpic contributions.
For this purpose, two models, a lattice model for the
b-hairpin folding and a freely jointed chain model, demon-
strate clearly that under flow conditions only conformations
extending far in the flow-direction are accessible.
The findings can be summarized through the flow-
dependent energy diagrams sketched in Fig. 9. A key feature
here is that even under zero flow, loop form and b-hairpin
form are stable. Although the b-hairpin form is only margin-
ally stable, it does not readily unfold. This has been demon-
strated in the new study through a zero-flow simulation of
the b-switch in a b-hairpin state.
In summary, our study on flow-induced b-hairpin folding
illustrates the role of external force on protein folding.
Protein folding in biological cells is driven by many weak
forces, some of which stem from within the protein, whereas
some stem from the environment. From the environment,
external factors such as pH value, temperature, pressure,
and movement of water can influence folding. The b-switch
of GPIba adopts a loop conformation without flow, but once
a blood vessel is injured, bleeding causes elongational flow
(49,50) or turbulent flow. Shear then triggers the b-hairpin
folding of the GPIba b-switch; this conformational change
increases the binding affinity of GPIba to von Willebrand
factor and eventually leads to blood clotting, which heals
the vessel. Apparently, for the b-switch of GPIba, theBiophysical Journal 99(4) 1182–1191
1190 Zou et al.laminar flow prevalent in a healthy blood vessel does not
induce elongation. It is amazing how weak environmental
effects along with a pluripotent free energy landscape can
render a simple protein a highly sensitive detector.SUPPORTING MATERIAL
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